Abstract Spectral measurements of sunlight throughout the day show close correspondence between the timing of above ground activity of the European ground squirrel and the presence of ultraviolet light in the solar spectrum. However, in a standard entrainment experiment ground squirrels show no entrainment to ultraviolet light, while Syrian hamsters do entrain under the same protocol. Presented transmittance spectra for lenses, corneas, and vitreous bodies may explain the dierent results of the entrainment experiment. We found ultraviolet light transmittance in the colourless hamster lens (50% cut-o at 341 nm), but not in the yellow ground squirrel lens (50% cut-o around 493 nm). Ultraviolet sensitivity in the ground squirrels based upon possible¯uorescence mechanisms was not evident. Possible functions of ultraviolet lens ®lters in diurnal mammals are discussed, and compared with nocturnal mammals and diurnal birds.
Introduction
Natural activity patterns of the diurnal European ground squirrel revealed that this species does not perceive the natural light-dark (LD) transitions which take place around civil twilight (Hut et al. 1999b ; L.G. Everts et al., unpublished observations) since the animals remain sequestered in the darkness of their burrows at these times. LD transitions are the sole precise time cue and are considered to be the dominant Zeitgeber for entrainment of mammalian circadian systems (Pittendrigh 1981) . In the case of the European ground squirrel it is still unclear which natural Zeitgeber drives the process of entrainment, but several alternative photic processes have been suggested to act as a Zeitgeber (Hut et al. 1999b) . One of these alternatives is based on the fact that the spectral composition of sunlight is changing throughout the day. Such changes have been suggested to be important for the process of natural entrainment (Nuboer et al. 1983; Joshi and Chandrashekaran 1985a, b; KruÈ ll et al. 1985; Roenneberg and Foster 1997; Von Schantz et al. 1997 ). Joshi and Chandrashekaran (1985a, b) applied light pulses of dierent wavelengths or spectral composition and found opposite reactions of the circadian system of bats at the same circadian time (ct) in terms of phase shifts and period changes. This indicates the possibility that more than one photoreceptor type may be involved in the transmission of light information to the circadian pacemaker in this species. In hamsters, however, light pulses of dierent wavelength, applied at ct 13 or ct 18, resulted in phase shifts which were dierent in magnitude, but not in direction (Boulos 1995) . This result is consistent with the existence of only one type of photoreceptor projecting to the circadian pacemaker.
Although much is known about changes in the spectral composition of sunlight due to atmospheric absorption (Gates 1966; Dutsch 1969; Dixon 1978; Lythgoe 1979; Caldwell et al. 1980; McIlveen 1992) , a literature search revealed no representations of the solar spectrum as a continuous function of time of day. In order to compare the timing of activity in ground squirrels with spectral light composition, we measured the solar irradiance spectrum at our study site (enclosures in Haren, the Netherlands) over the course of several days. As expected, ultraviolet (UV) radiation has highest values around noon and its major rise and fall coincides closely with the onset and oset of above ground activity of the European ground squirrels.
There is accumulating evidence that UV light can be perceived by the retina in several rodent species (Merker 1934; Jacobs 1992) . A separate UV mechanism has been detected with electroretinogram (ERG) responses in four rodent species: rat, house mouse, gerbil, and gopher (Jacobs et al. 1991) . Evidence for a UV light eect on the mammalian circadian system has only been obtained in nocturnal species: rats (McGuire et al. 1973; Amir and Robinson 1995) , hamsters (Von Schantz et al. 1997) , mice (Provencio and Foster 1995) , and ®eld mice (Sharma et al. 1998; Sharma 1999) . Evidence for the suppression of nocturnal melatonin levels by UV light is also restricted to nocturnal mammals: rats, hamsters (Brainard et al. 1994) , and white-footed dear mice (Bensho et al. 1987) .
It is known in other ground squirrel species that the yellow lenses of their eyes do not transmit UV light (Walls and Judd 1933; Cooper and Robson 1969; Yolton 1971, 1972; Yolton et al. 1974; Chou and Cullen 1984) and spectral sensitivity measurements, behavioural tests, and visual-evoked cortical potentials, collected in several species of ground-dwelling sciurids, give no indication of a UV-sensitive system in ground squirrels Yolton 1969, 1971; Jacobs et al. 1976 Jacobs et al. , 1980 Jacobs 1978; Eigner et al. 1984) . Also the relative numbers of photoreceptors in the European ground squirrel were estimated to be 3% rods (probably two types; peak absorption around 500 nm), 92% M cones (peak absorption between 520 nm and 525 nm), and 5% S cones (peak absorption at 440 nm) (SzeÂ l and RoÈ hlich 1988). For these reasons it is unlikely that the ground squirrel retina can directly perceive UV radiation. However, it cannot be excluded a priori that UV light might act as a Zeitgeber, either through extra ocular routes or through perception in the ground squirrel retina by indirect¯uorescence of other ocular structures (Merker 1934; Jacobs 1992 ).
We have therefore tested whether UV light can act as a Zeitgeber in the European ground squirrel by adding a daily cycle of UV light to a background of continuous light (LL). We also tested the Syrian hamster in a similar entrainment protocol to validate our experimental design. For this species it is known that its circadian system reacts to UV light in terms of phase shifting (Von Schantz et al. 1997 ). In addition, we measured spectral transmission of lenses and corneas in both species, and vitreous bodies in the European ground squirrel. We discuss the dierences between the physiology of the nocturnal and diurnal mammalian eye, and compare that with birds. The potential role of UV light as a circadian Zeitgeber under natural conditions is criticised.
Materials and methods

Light intensity
A ®rst set of solar irradiance spectra was recorded from 13 June, 16:46 h until 21 June 1996, 13:16 h (middle European time). A second set of data was recorded from 23 March, 18:10 h until 2 April 1999, 14:52 h. The ®rst data set was collected in 15-min intervals at 0.5 m above ground level in the enclosures in Haren, where we maintain a ground squirrel population in semi-natural conditions (Hut et al. 1999b ). The second set was collected on roof of the laboratory at 12 m above ground level with a scanning interval of 2 min. In both cases a spectroradiometer (Macam SR9910-PC, photometrics Limited, Livingston, Scotland) with a spherical (4p) diuser head was used. A 2.5-m quartz ®bre optic connected the diuser to the sensor. The irradiance of the solar spectrum (in photons m )2 á s )1 á nm )1 ) was scanned from 280 nm to 700 nm with intervals of 5 nm, and instantaneously stored on a computer. We choose to plot the logarithm of irradiance levels as well as the ratio between the logarithms of the irradiance levels of two wavelengths because of the general principle of a log-linear relationship between a stimulus and its response in biological systems (Weber-Fechner's law). This log-linear relationship has been con®rmed for the circadian system over a wide range of light intensities (Meijer et al. 1992; O. Dkhissi-Benyahya et al. 2000) .
Animals
The female European ground squirrels (Spermophilus citellus) used in this study were born in the enclosures in Haren, the Netherlands (Hut et al. 1999b ). The male Syrian hamsters (Mesocricetus auratus) were bred in the Zoological Laboratory in Haren, the Netherlands. The animals were kept in lucite cages (l´w´h 48 cḿ 28 cm´50 cm). Wood shavings were used as bedding material, water and food (ground squirrels: rabbit breeding chow, ù 3 mm, Teurlings, Waalwijk, The Netherlands; hamsters: rodent pellets, ù 10 mm, Hope Farms, Woerden, The Netherlands) was provided ad libitum. Before the experiment started, the European ground squirrels were housed in a room without climate control, but with an open ventilation window exposing the animals to a natural temperature pattern and light-dark cycle. The hamsters were housed in a climate controlled room (21 2°C; L:D 16:8 h) before the experiment.
Activity recording
During the experiment, the animals were kept in a climatecontrolled room (ambient temperature 20°C; relative humidity 60%). General locomotor activity was recorded by passive infrared motion sensors for each animal. The data were stored by a PC-based event-recording system in 2-min bins. Previous results showed that European ground squirrels rarely run in a running wheel. We decided, therefore, to house both ground squirrels and hamsters without running wheels during the experiment. This probably resulted in less pronounced onsets and osets of activity in both species. Therefore, the centre-of-gravity (COG) of activity (Kenagy 1980 ) was taken as the circadian phase reference. In order to estimate the clock time of the COG's position for each circadian cycle, we calculated the location COG in a 24-h window, sliding with a 2-min step size. All calculated locations of COG referring to the same activity phase of the circadian cycle were averaged. The location of a COG was de®ned to belong to the next activity bout when it was located more than 16 h away from the previous one.
Phase angle dierences (w in h) were calculated as the dierence between the time (t on ) that the UV light source was switched on [either with or without the Lexan (UV) ®lter] and the time of the COG of activity (w t on ) t COG ). Periods of the activity rhythm before, during, and after the UV light cycle application were calculated using peak values of DQ p from the v 2 periodogram (Sokolove and Bushell 1978) as an indicator for the period of the activity rhythm (Gerkema et al. 1994 ).
Experimental procedure
The experimental design was such that the animals were exposed to LL (Philips TLD 96/5; illuminance 40 l´, irradiance 0.151 W á m )2 on average at the level of the cages) throughout the experiment. On top of this background illumination a 23.5-h (L:D 11.75:11.75 h) cycle of a UV light source (Philips TL 40 W/ 12, UV-B) was presented throughout the experiment. Light emission from this source was ®ltered, so that UV light was only presented during the second phase of the experiment. Applying a high pass ®lter (Lexan; 4 mm) with 50% transmittance at 404 nm produced a Zeitgeber period (T ) cycle of visible light (range: 390± 780 nm) from the UV light source with a spectral distribution similar to that of normal tube lights (total illuminance 55 l´, irradiance 0.223 W á m )2 on average at the level of the cages). The ®rst phase of the experiment was continued until all animals showed stable free running activity patterns. During the second phase of the experiment the UV ®lters were replaced by a dierent type of high-pass ®lters (Jena glass; 3 mm; normal microscope slides) with 50% transmittance at 304 nm (total illuminance 54.99 l´, irradiance 0.2228 W á m )2 on average at the level of the cages). In the third phase of the experiment UV light was again ®ltered from the spectrum of the UV light source to let the animals free run after synchronisation was established in the previous phase of the experiment. The light spectrum applied during the dierent phases of the experiment, and the timing of those phases is shown in detail in Fig. 4 .
The same experimental protocol as used in the ground squirrels was also used in the hamsters with one exception. In order to maintain moderate levels of activity and to avoid splitting of the activity rhythm in the hamster experiment, both light sources were partly covered to reduce the light levels to 10% of that used in the ground squirrel experiment.
Absorption spectra of the lens and cornea
The eyes of 8 Syrian hamsters and 17 European ground squirrels, that were sacri®ced for an other experiment (Deelman et al. 1998) , were used for measuring the transmittance of the lenses and corneas. After the animals were killed by an overdoses of pentobarbital (2 ml intra-peritoneal), they were transcardially perfused with ice-cold 4% paraformaldehyde in 0.1 mol á l )1 phosphate buer. Immediately after perfusion the animals were enucleated. Corneas and lenses were removed from the eyes within 1 h after the start of the perfusion, and the spectral transmission was measured using a double-beam spectrophotometer (Cary 3E UV/VIS). In order to avoid focussing eects, the object was gently squeezed between two quartz microscope slides at 2.5 mm distance in order to create a¯at surface area perpendicular to the light beam. Two quartz microscope slides were also placed in the baseline light beam (Chou and Cullen 1984) . Both light beams of the spectrophotometer were reduced to 1 mm diameter, by which potential focussing and scattering errors were further reduced. Transmittance of the ocular lens, cornea, and vitreous body were measured for each nanometre, from 250 nm to 750 nm. The data were stored online on a computer.
Results
Solar spectrum
The average spectral composition of sunlight reveals a close correspondence in timing between above ground activity of the ground squirrels and the presence of high levels of UV light (305±320 nm) in the solar spectrum (Fig. 1 ). In addition, we observed a slight over-representation of the shorter wavelengths during the ®rst hour after dawn civil twilight and the last hour before dusk civil twilight (Fig. 2) . In between these times a¯at maximum around noon was measured in the ratio between shorter and longer wavelengths. Figure 2 also indicates the activity phase of the ground squirrels, measured with light dependent telemetry devices during the same time of year when the measurements were taken (Hut et al. 1999b) . Figure 3 shows one example of an actogram of each of the two species, along with the computed COGs of plotted against the time of day (h). Average activity periods (error bars indicate SD) of European ground squirrels during the time of the year when the spectral measurements were taken are indicated by the horizontal bars (Hut et al. 1999b) . Arrows indicate civil twilight times at dawn and dusk activity. The spectral composition of the continuous back ground light and the UV light source (with and without UV ®lter) are presented in Fig. 4 . The COG times were used to calculate phase angle dierences with the T cycle using the time when the UV light source was switched on as a phase reference. Stable phase angle dierences between the activity rhythm and the Zeitgeber indicate entrainment only when the activity pattern, after the Zeitgeber cycle was stopped, starts to free run without an initial phase shift (Ascho 1960) . Entrainment was found in all of the hamsters but in none of the ground squirrels (Fig. 4) . The periods of the individual activity rhythms before, during, and after the application of the UV cycle are presented in Table 1 for individual ground squirrels and hamsters. Entrainment in the hamsters is expressed in a shortening of s in all individuals after the UV light cycle was introduced (Wilcoxon signed rank test; s before versus s during ; p 0.0025) to a value of 23.53 h on average, which is close to the 23.5-h period of the Zeitgeber. Such a change in s was not detected in the ground squirrels (Wilcoxon signed rank test; s before versus s during ; p 0.07), resulting in a wide range of s values during the Zeitgber application. The phase-angle dierence during entrainment should be stable. This was tested for individual ground squirrels and hamsters with a linear regression on phase angle dierence by day number during the last 20 days of the Zeitgeber application. Only one ground squirrel, but all hamsters showed a regression slope that did not dier from horizontal (Table 1) . The dierence between the species was highly signi®cant (two by two table; Fisher's exact test: p < 0.0001). ) of two wavelengths. Wavelengths used for the four ratio curves are indicated just above or below the curve. Ratios were always calculated by using the shorter wavelength as the numerator and the longer wavelength as the denominator. Data used for the calculations were taken from the spectral measurements performed in spring 1999 Hamster lenses were dierent from ground squirrel lenses in terms of absorption characteristics. Where the average hamster lens absorbs short wavelengths with a 50% cut-o value at 341 nm, the ground squirrel lens absorbs short wavelengths with a 50% cut-o value at 493 nm (Fig. 5) . Although the lenses of both hamsters and ground squirrels reach 90% transmittance in the higher wavelengths (hamster: >446 nm; ground squirrel: >554 nm), the maximal transmittance of the corneas was low (hamster: approximately 74%; ground squirrel approximately 48%). Thus, 50% cut-o values do not provide an optimal description of the ®ltering properties of the corneas. Relative cut-o values for the corneas, calculated as 50% of the maximal transmittance, were found at 302 nm in the hamster and 380 nm in the ground squirrel. With the set up used in this study, vitreous body transmittance could only be measured in some of the ground squirrel eyes. This yielded a transmittance curve with 90% transmittance reached at 475 nm and a 50% cut-o value at 305 nm.
Entrainment experiment
Discussion
Solar spectrum
The daily changes in the quantum distribution of the solar spectrum shown in Fig. 1 corroborate with our previous ®ndings that neither activity onset nor activity Shaded areas refer to the spectral plots at the right. During the dark grey phases only background light was provided (top right panel ), during the light grey phases additional light without UV was provided (middle right panel ), and during the white phases additional light with UV was provided (bottom right panel ). Irradiance levels indicated in the spectral plots refer to the ground squirrel experiment, irradiance levels applied in the hamster experiment were reduced by one log unit (see Materials and methods) Table 1 Periods of the activity rhythms (h) for ground squirrels and hamsters for three phases of the entrainment experiment: 10 days before the ultraviolet (UV) light cycle (before), 20 days before the end of the UV light cycle (during), and 10 days after the end of the application of the UV light cycle (after). The latter case (after) is only relevant for the hamster, where the application of the Zeitgeber was stopped. To estimate the free-running period after the application of the Zeitgeber, an initial 5 days were skipped to decrease the eect of possible transient cycles oset in European ground squirrels under natural conditions coincides with the sharp irradiance transitions during civil twilight (Hut et al. 1999b ). This holds for any wavelength of the human visible spectrum (400± 700 nm). The activity phase of the ground squirrels does coincide with wavelength in the UV range (305± 320 nm). Inspired by this association we hypothesised that the ground squirrels may use UV light intensity changes, rather than visible light intensity changes during dawn and dusk, as an environmental cue (Zeitgeber) to synchronise the internal circadian rhythm with the environmental 24-h cycle (entrainment). An alternative hypothesis is that the ratio between the logarithm of irradiance of two wavelengths, rather than the irradiance level of a single speci®c wavelength, is used as a Zeitgeber. This hypothesis is based upon the relative enrichment in irradiance during twilight of the shorter (<500 nm) wavelengths when compared to the mid to long (500±650 nm) wavelengths ( Fig. 2 ; Roenneberg and Foster 1997) . Figure 2 shows that the ground squirrels are hardly exposed to any relative changes in visible range of the solar spectrum except when the ratio of log(310 nm)/log(520 nm) is considered. When above ground the animals may be exposed to a peak in the value of this ratio around noon, a sharp increase around activity onset, and a sharp decrease around activity oset. Both hypotheses, however, require a UV-perception mechanism in the ground squirrels.
Study design
Laboratory studies investigating the eects of UV light face the problem of selecting an adequate light source. Many light sources that emit UV light, also emit light in the visible range (sometimes for safety reasons). This was also the case for the light source used in this study (Fig. 4) . Potentially, this problem could be overcome by using low-pass interference ®lters, but this technique is less suitable for manipulating sucient room illumination with tube lights. We chose to reduce the eect of visible light in the Zeitgeber stimulus by applying a continuous back ground illumination with similar spectral distribution as the visible part of the Zeitgeber stimulus (UV light source). This also resembled the natural situation where UV light is present with high irradiance levels only then when there is also visible light present in the solar spectrum at relatively stable irradiance levels (Fig. 1) . The UV light source cycled throughout the entrainment experiment but the application of a UV light cycle was established with a simple replacement of the ®lters in front of the UV light source. Obviously light intensity changes during those cycles when UV light was ®ltered from the spectrum of the UV light source was not enough to entrain the hamsters in phases 1 and 3 of the experiment. Adding UV light to the spectrum of the UV light source cycle by changing the ®lters, led to entrainment in the hamsters only (Table 1, Fig. 4) .
UV light as a natural Zeitgeber
The results indicate that UV light can potentially act as a Zeitgeber in the nocturnal hamster, but not in the diurnal ground squirrel. The possible role of UV light for natural entrainment in mammals may, however, be limited. First, high levels of UV light occur during the insensitive phase of the circadian system, i.e. the``dead zone'' of the phase response curve (Daan and Pittendrigh 1976; Hut et al. 1999a ). Second, the diurnal mammalian lens absorbs UV light and there is no evidence that indirect (¯uorescence) mechanisms are important for transmitting UV light information to the mammalian retina (Jacobs 1992) . Third, those rodents in which the circadian system responds to UV light in term of phase shifts (Brainard et al. 1994; Amir and Robinson 1995; Provencio and Foster 1995; Von Schantz et al. 1997; Sharma et al. 1998; Sharma 1999 ) are all nocturnal and usually resting in their burrows during daytime, when UV light is abundant in the solar spectrum. Although nocturnal mammals are normally exposed to large changes in light intensity during the twilights at Absorption spectra for the lenses of ground squirrels (top panels) and hamsters (bottom panels). Since percentages yield skewed distributions when the averages approach 0% or 100%, the distributions in the graphs are indicated with 0.25, 0.50 and 0.75 percentiles (grey areas). In the ground squirrels 18 lenses from 11 animals, 29 corneas from 17 animals, and 5 vitreous bodies from 4 animals were measured. In the hamsters 7 lenses from 6 animals and 14 corneas from 8 animals were measured. Data were averaged when the tissue of interest was measured in both eyes of an animal. No additional index of refraction measurements were collected and therefore no subsequent correction could be performed (but see Chou and Cullen 1984) temperate-zone latitudes during all seasons (with the high light intensities in the range between ca. 390 nm and 700 nm being most eective), changes in the UV range between ca. 290 nm and 380 nm (possibly by detecting the ratio between short and long wave irradiation) may be important at higher latitudes when twilights are much longer.
On the other hand, UV sensitivity in rodents has been described for visual systems in the house mouse, gerbil, rat, and gopher (Jacobs et al. 1991) , as well as for the photic system in rats (McGuire et al. 1973; Brainard et al. 1994; Amir and Robinson 1995) , hamsters (Brainard et al. 1994; Von Schantz et al. 1997), mice (Provencio and Foster 1995) , white-footed deer mice (Bensho et al. 1987) , and the ®eld mouse (Sharma et al. 1998; Sharma 1999) . Jacobs et al. (1991) elegantly showed in the house mouse, gerbil, rat, and gopher that a separate UV-sensitive mechanism is involved in the detection of UV light, which probably peaks around 370 nm. However, photopigments are known to have a second absorption peak at lower wavelengths. This b-band absorption usually also peaks in the UV region (360±370 nm) in photopigments which have an a-band absorption peak in the middle range (around 515 nm) of the human visual spectrum (Jacobs 1978 (Jacobs , 1992 . The b-band eect has not been ruled out to be responsible for the chronobiological eects of UV light. Although Von Schanz et al. (1997) were unable to detect known UV-sensitive photopigments in the Syrian hamster, they suggested that it is unlikely that b-band absorption is responsible for the phase shifting eects in hamsters since the magnitude of the phase shifts to green (515 nm) and UV (357 nm) light were approximately the same, whereas in general, b-band absorption peaks are small in comparison to the primary (a-band) absorption peaks. However, the absorption characteristics of neither the a-band nor the b-band are known for the photopigment(s) projecting to the circadian system (Freedman et al. 1999) .
Absorption spectra of lens and cornea
The ground squirrel eyes that were used for measuring the absorption spectra of the cornea, lens, and vitreous body were taken from animals that were sacri®ced for another study in which the animals had to be perfused (see methods). This transcardial perfusion of the animals before they were enucleated, and the relatively long exposure of the cornea to the air, is not optimal for measuring the transmittance of ocular elements. However, the transmittance of the hamster lenses (Fig. 5 ) was similar to other results (Brainard et al. 1994) with 50% transmittance at 341 nm and maximum transmittance levels around 90%. Since both the hamster and the ground squirrel lenses were treated identically, we surmise that both data sets are reliable. This is corroborated by the close resemblance between our data and the spectral transmittance curves of the lens of other ground squirrel species which also have 50% cut-o values around 450±470 nm (thirteen-lined ground squirrel: Chou and Cullen 1984; Yolton et al. 1974; Mexican ground squirrel: Jacobs and Yolton 1971; Yolton et al. 1974 ; golden mantled ground squirrel and California ground squirrel: Yolton et al. 1974) .
For the ground squirrel corneas the maximal transmittance did not reach values higher than approximately 48%. This is relatively low and may not re¯ect transmittance in vivo. The delay between sacri®cing the animal and measuring the cornea transmission may have partially occluded the corneas. Less exposed ocular tissues, like the lens and the vitreous body, apparently did not suer from this eect. Chou and Cullen (1984) also measured relatively low maximal transmittance values (57%) in the cornea of the thirteen-lined ground squirrel. They argued that this could neither be explained by scattering losses due to drying of the tissue, nor by the focussing eects of the cornea, which was reduced in their experimental set up in a similar way as it was done in our measurements. To summarise, the spectral transmittance curves for the cornea, lens, and vitreous body of the European ground squirrel closely resemble those measured in other ground squirrel species both qualitatively and quantitatively. We conclude that the lens in both hamsters and ground squirrels, rather than the cornea or the vitreous body, sets the lower limit of the light spectrum that can reach the retina.
UV perception
Four hypotheses have been proposed for a possible function for the short wavelength (<400 nm) ®ltering properties of vertebrate lenses, as in the ground squirrel (Jacobs 1992) . First, it will protect the retina from the damaging eects of short wavelengths, especially UV light (Merker 1934; Van Norren 1991) . Second, it may protect the lens from cataract formation. Third, it may enhance visual resolution and contrast by reducing chromatic aberration in the process of projecting a focussed image on the retina, by limiting the range of wavelengths projected on the retina. Fourth, it may enhance visual resolution and contrast by reducing the eect of scattering, which is larger for the shorter wavelengths. These hypotheses are not mutually exclusive and all four eects may be of importance in diurnal mammals including ground squirrels.
A separate mammalian UV-sensitive mechanism so far seems to be limited to nocturnal rodents. The only diurnal species reported as responding to UV light with electrical activity in the retina (ERG) is the valley pocket gopher (Thomomys bottae; Jacobs et al. 1991) . This is a subterranean species which spends 99% of its time in absolute darkness in underground burrows (Reiter et al. 1994 ) and has only slightly reduced night-time activity (Gettinger 1984) . Perhaps UV lens absorption in this diurnal species is minimal since it is exposed to UV light for only brief periods. In contrast, the European ground squirrel is active above ground exclusively during daytime in spring and summer with activity periods up to 14 h in which it will be mainly above ground (Hut et al. 1999b; L.G. Everts et al., unpublished observations) . It receives hardly any protection from solar radiation on the grass planes of its natural habitat. It is therefore extremely exposed to UV radiation and may, in turn, pro®t maximally from the protective properties of the yellow ®lters in the lens.
Decreasing chromatic aberration will enhance image focussing which will be bene®cial especially in species like the ground squirrel. Being exclusively diurnal, the European ground squirrel has a retina which is completely dominated by cones (97%). Since the acuity of cones is much higher than that of rods, the spatial resolution of the visual system will be relatively high in ground squirrels. The negative eect of chromatic aberration could be pronounced in a retina with high spatial resolution. Thus, bene®ts of chromatic aberration avoidance may be larger in ground squirrels than in other rodent species with a retina which is less dominated by cones. These visual properties of the ground squirrel eyes are re¯ected in their behaviour: Standing upright on their hind legs on top of small elevations in the landscape they mainly use their visual system to scan the environment over long distances for possible predators.
In contrast with diurnal mammals, diurnal birds seem to lack the UV absorption properties of the lens (Emmerton et al. 1980 , Hart et al. 2000 and a UVsensitive receptor mechanism has been detected in several diurnal bird species (Chen and Goldsmith 1986; Maier 1994; Bowmaker et al. 1997; Das et al. 1999) . Apparently birds pro®t from their ability to see UV light which, in turn, could counterbalance the selection pressure resulting from the harmful eects of UV radiation to the retina and other ocular structures. Indeed, evidence has accumulated that birds use their ability to detect UV light for mate choice (Burkhardt 1989 (Burkhardt , 1996 Burkhardt and Finger 1991; Bennett et al. 1996 Bennett et al. , 1997 Hunt et al. 1997 Hunt et al. , 1999 , sex ratio adjustment (Sheldon et al. 1999) , and foraging or hunting strategies (Burkhardt 1982; Derim-Oglu and Maximov 1994; Viitala et al. 1995) . This may explain the selective advantage of lacking UV lens absorption in avian species, which may explain why the domestic canary (Serinus canaria) entrains to UV light under laboratory conditions (Pohl 1992 ), a feature which in itself may depend on b-band absorption of a photopigment that has an peak in the visible part of the light spectrum.
We conclude that it is unlikely that UV light acts as a Zeitgeber in the European ground squirrel. The occurrence of natural entrainment without dawn or dusk being perceived (Hut et al. 1999b ) can therefore not be attributed to UV light perception. Another mechanism has been proposed which involves daily light intensity variations in the visible (green) range and its eect on tuning phase and the endogenous period of the circadian oscillator to the 24-h rotation of the earth (Beersma et al. 1999 ).
